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I. INTRODUCTION

Ribbon cables are groups of wires (cylindrical conductors with cylin-

drical, dielectric insulations) which are b rnded tcgether in a flat , linear

array . These types of cables are ~;ometimes referred to as flatpack cables

although the f1a~pack designation includes a larger number of types o~ flat

cable, e.g., the conductors may be rectangular rather than cylindrical. In

other words, all ribbon cables are flatpack cables but not all flatpack

cables are ribbon cables. All wires in the ribbon cable are identical and

the spacing of the wires is carefully controlled with the separation between

all adjacent wires being identical. A typical 40 wire ribbon cable is shown

in Figure 1—1. All wires in a ribbon cable are typically identical, i.e.,

equal conductor radii, equal dielectric thicknesses and identical dielectric

insulations. A typical cross—section >f a ribbon cable is shown in Figure

1—2. The conductors are characterize by radii r , free space permittivity,

c , free space permeability, 
~~~~
, and conductivity , u. The dielectric in-

sulations are characterized by thicknesses , t , permittivity , c , and free

space permeability (as is typical of dielectrics), The dielectrics

will  be considered to be lossless , i.e., their conductivities are zero.

The separations between all adj acent wires is denoted by d and the cable is

surrounded by free space .

Ribbon cables are frequently being used to interconnect electronic

systems such as minicomputers . The unintentional coupling of electrical

signals from one wire to another (crosstalk) in these cables can degrade the

performance of the electronic devices which are connected to the cable at its

f end points. For example, logic errors can occur in minicomputers by the in-

advertent coupling of a logic bit into an unintended circuit. In the design

— 1—
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Figure 1—1. A typical 40 wire ribbon cable.
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Figure 1—2 . The ribbon cable cross section .
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conductors to be lossless. FLATPAK2 inclt:4es consideration of wire dielectrics

and also includes the conductor losses. XTALK2 requires more array storage

and computation time than XTALK. FLATPAK2 requires more array storage and

computation time than FLATPAK. Similarly ,  FLATPAK requires more computa—

tional difficulty than XTALK. Therefore rather than writing one general MTL

program to consider all fac tors , we have four progr ams , each of which are

efficient for the specific problem being investigated. It is vitally im-

por tant tha t the reader be in timately fa~niliar with the factors which are

included or neglected in each program , i .e . ,  presence of wire dielectr ics  and

considera tion of conductor losses , since the computed results will be re-

ferred to by the program name so that repeated elaboration on the program

capabilities will not be necessary. To assist the reader , the following

table is provided which summarizes the program capabilities :

MTL Prediction Program Capabil i t ies

Program Name Presence of wire Conductor losses
dielectr ic  considered? considered ?

XTALK NO NO

XTALK2 NO YES

FLATPAK YES NO

FLATPAK2 YES YES

Note that none of the programs consider insulation dielectric losses. This

seems to be a reasonable assumption and its validity will be determined when

we compare the program results to the experimental results.

—5—
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We will consistently have four objectives or questions to be answered:

[#1] Can crosstalk in ribbon cables be predicted and if so , what types of

prediction accuracies can be expected?

[#2] Do we need to consider the presence of the dielectr ic insulation to

achieve accurate predictions or can the wires be considered to be

ba re?

[#3] Do we need to consider the conductor losses or can the conductors be

considered lossless?

[#4] Do we need to consider the presence of the parasitic circuits in the

cable when attempting to predict the coupling between two circuits in

the cable?

To answer these questions with a f i rm YES or NO would require the

investigation of an unlimited number of cases since there are such a large

number of parameters involved , i.e., wire radi us , dielectric types , insulation

thickness, number of wires in the cable and specific load impedance con-

f i gurations and values. Ins tead , we will inves tigate a typical 20 wire

ribbon cable with randomly selected load impedances. We will drive one

wire in the cable and measure the coupling to another wire in the cable.

To investigate the f irs t ques tion , we will consider the pred ictions of

FLATPAK2 which neglects only the losses of the insulation dielectric. To

investigate the second ques tion , we will compare the results of FLATPAK and

FLATPAK2 to XTALK and XTALK2. To investigate the third ques tion , we will

compare the results of XTALK2 and FLATPAK2 to XTALK and FLATPAK. Since the

frequency response of the cable is generally required at a large number of

frequencies , it is desirable to determine the most efficient computational

—6— 
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model tha t will yield acceptable prediction accuracies. Since consideration

of the presence of wire dielectric and conductor losses each effectively

require programs with larger array storage and longer computation times (per—

frequency) than if these factors are neglected , our interest centers on the

investigation of the effect of these two parameters on the prediction

accuracy of the MTL model.

A parallel point of interest is question #4. For an (n+l) wire cable ,

the MTL model requires a solution of a minimum of n comp lex , simultaneous

equations at each frequency [1]. The natural question is whether we need to

consider the interactions between all wires in the cable or do we only need

to consider the driven wire and the “pickup” wire. To illustrate this further ,

consider Figure 1—3. In the ribbon cable , one of the wires is designated as

the reference wire for  the l ine voltages. In Figure 1—3 , we have shown the

driven circui t or “genera tor ” circuit consisting of the generator wire and

the reference wire and the “pickup” or receptor circuit consisting of the

receptor wire and the reference wire. The remaining (n—2) circuits consisting

of (n—2) wires erich with the reference wire will be referred to as parasitic

circuits. The obvious question is whether these parasitic circuits measurably

affect the coupling between the generator and receptor circuits. If they

do not , then there is no need to consider them and our compu tational mode l

is reduced from the solution of n complex, simultaneous equations at each

frequency to only two (2) simul taneous , complex equations at each frequency.

When the response at many frequencies is desired and/or n is large, this

would result in an obvious savings in computation time as well as required

array storage .

Chapter II will formulate the MTL model specirilized to ribbon cables.

—7—
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The reader need not be intimately familiar wi th the de tai ls of Chap ter II

in orde r to use the computer programs or understand the conclusions of this

work . Chapt er III  provides the experimental results and the computer program

predict ions.
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II. THE MULTICONDTJCTOR TRANSMISSION LINE (MTL) PREDICTION flODEL

In this Chapter , we will give a brie f description of the MTL model as

specialized to the case of ribbon cables. The reader is referred to [11 and

[7] for further details of the model. Computer programs XTALK , XTALK2 ,

FLATPAK and FLATPAK2 which are described in [7] implement the results of

this section with certain parameters , i.e., conduc tor losses and presenc e

of wire dielec tric , either considered or neg lected. FLATPAK and FLATPAK2

are written specifically for consideration of ribbon cables. Although

XTALK and XTALK2 allow consideration of more general types of cables , these

programs can be used for our purposes here.

2.1 The MTL Model

If the line conductors are immersed in a homogeneous medium , e.g., bare

wi res in free space , the fundamental mode of propagation is the TEN (Trans-

verse Electro—Magnetic) mode. If the line conductors are immersed in an

inhomogeneous medium , e.g., dielec tric insula tions surrounded by free space

as with ribbon cables, the fundamental mode of propagation is taken to be the

“quasi—TEN” mode. The essential difference between these two cases is -is

follows. For the TEN mode, the electric and magnetic field vectors lie in ~

plane transverse or perpendicular to the line (x) axis. For lines in

inhomogeneous medium , the TEN mode cannot exist except in the limiting cast

of zero frequency (DC). However , for the inhomogeneous case , the assumption

is made that the electric and magnetic field vectors are almost transverse

to the line axis , i.e., the mode of propagation is “quasi—TEN”.

With the assumption of the TEN or “quas i—TEN ” mode of p r o p a g a t i o n , l inc

voltages and currents may be defined. One of the conductors in the (n+l)

—10— 
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conduc tor transmiss ion line is desi gnat-ed as the reference conductor sr zero—~ 1i

conductor for the line voltages. Thus the line conductors are numbered

- r um U to ii , i.e., 0, 1, 2, ——— , n. Throughout the report , the longitudinal

s of the line is the x direction and the line is considered to be uniform

in the sense that all (n+l) conductors and surrounding dielectric insulations

have no cross—sectional variation along the line and all (n+l) conductors

ure ;ar.allel to each other. For sinusoidal , steady—state excitation of the

line , the line vol tages ,)/(x,t), (with respect to the reference or zero—th

u n d u e t o r )  and line currents , .~~.(x,t), are

~~~(x ,t) = V
1

(x)  ~~~~ 
(2-la)

(x ,r) = I (x) e~~
t (2—lb)

1 i

fur i=i , — — — , it where V .(x) arid i .(x) are the complex, ; ciasor line voltages

cu-i currents and u is the radian frequency of excitation , u = 2rrf. The

current in the reference conductor satisfies

~~0
(x ,t) = 

~i!l 
‘&(x,t) (2—2a)

n
1
0

(x) = — Z I . (x) (2—2b)
i=l 

1

The pe r—uni t—leng th  equivalent c i rcui t  of the ribbon cable is shown in

Figure 2— 1. The conductors are assumed to be iden ti cal and have internal

resistance and internal  inductance per—uni t—length  of rc and ic~ 
respectively.

The per—u ni t—length capacitance between the i—th and j — t h  wi res is designated

by ci. . The per—unit—length self inductance of the i—th wire is designated

-11- 
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Figure 2—1. The per—unit—length model for a ribbon cable .
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by i . and the per—unit—length mutual inductance between the i—th and j—th

wires is designated by m1..

The MTL equations can be derived from thc  per—uni t—length  c i rcui t  of

Figure 2—1 in the limit as Eix-*O as a set of 2n , complex—valued , f irst order ,

ordinary dif f er ential equations El]

d [V (x ) ]  n?n z ]  V(x) ]

—i—-- I 1 = —  I I (2— 3)
X 

L~~~~J ‘i 

~
0
~J I(x)J

A matrix M wi th m rows and p columns is said to be mxp and the element in

the i—th row and j—th column is designated by [M].. with i—~l,——— ,m and j=l ,

——— ,p. An nxl vector is denoted with a bar , e.g., V , with the entry in the

i—tb row denoted by [ V ] .  = V ., . The matrix 0 is the mxp zero matrix with

zeros in every position, i.e., [m
0
p l ij  

= 0 fOr i=l ,——— ,m and j=1 ,——— ,p.  The

complex—valued phasor line voltages with respect to the reference conductor

(the zero— tb conductor) ,  V . (x ) ,  and the line currents , Ij x ) ,  are given by

EV(x)]
~ 

= Vi(x) and [1(x)]. = 1 (x).

The nxn complex—valued , symmetric ma trices , Z and ‘1, are the per—unit—

length impedance and admittance matrices of the line , respectively. Since the

line is assumed to be uniform , these ma trices are independen t of x and may

be separated as [11

Z = (r + jwi )[l + U ]  + juL (2—4a)

Y = juC (2—4b)

—13—
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where 1 is the n’~n identity matrix , i.e., [1 1.. = 1, [1 ] .  . = 0 f or..n m ii -n ij

i , j 1 , ——— , n and i�j and U is the unit matrix with ones in every position ,

i.e., [U ].. = 1 for i, j=l , — — — , n. The nxn , r eal , symmetric matrices

L and C are the per—unit—length external inductance and capacitance matrices ,

respectively. The entr ies in these matrices can be straightforwardly

determined from the per—unit—length equivalent circuit in Fi gure 2—1 as

[LI. . = z + — 2 m ., (2-5a)
— 11 i 0 iO

[U . = 9. + m~ — m ., — m ., (2—5b)
i~ 0 i.j iO i~

i~ j

n
[C].. = c~ + ~ ~~~ (2—Sc)
- 11 iO . ii,j=1

i #j

[C] . . = — c . . ( 2 — 5 d )
I]

i~j

The solution to (2—3) for a line of total length ~ is [1]

[~~
) 

- [~~1l ~l2 1 [~ °
I ( (2—6)[ ~ j

‘— -—--~

where ~ is the 2ny2n chain parameter matrix and 
~~
.. are mxii . Once the chain

parame ter ma t irx of the line is determined , the 2n unknown voltages , V(~ )

and V(0), and the 2n unknown currents , I (~ ) and 1(0), can be de term ined by

—14—
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enforcing the equations of the terminal networks at the two ends of the

line. The terminal networks are considered to be linear and can be character-

ized by Generalized Thevenin Equivalents as [1)

= Yo — 1(0) (2—7a)

V(s) = V~~+ Z~~ i(~) (2—7b )

where and Z~~are nxn complex impedance matrices and V0 
and V~~ are n~ l

vectors 02 the open c i rcui t  voltages of the t e rmina t ion  ne tworks  (produced

by independent sources within these networks).

Although the formulation in (2—7) allows for general termination networks

we will consider a special c~~;e which will be sufficient for our purposes.

Consider the termunatioc networks in Figure 2—2 in which each line conductor

at each end of the line is connected to the reference conductor through an

impedance, or Zr., and a vol tage source . V0. or V~~ . The entries in

(2—7) are easily determined for this form of the termination networks as

~~0’ii 
(2—8a)

[z
0
]~~. = 0 (2—8b)

i~j

~~O
1 i 

= (2—8c )

= z~ (2—Sd )

[Z ~ ]~~. = 0 (2—8e)

i#j

[V
z

] . = ~~~ (2—8f)
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Figu re 2—2.  The tern’ination s t ructure  for  the ribbon cable.

—16—

—,-- -------

~

-- - -- -~~- - ~~- - --- -~~~~~~~--- -- — - - ---~~
-. - —--- ---~--- ~~~~~~~~~ ----- ---—-- - - - -



- - -, ~~~~~~~~~

and the terminal impedance matrices , Z
0 

and Z~ , are diagonal. This form of

the terminal impedan c~ networks will be used in obtaining the experimental

results.

To determine the terminal voltages V(0) and V(~ ), substitute (2—7) into

(2—6) to obtain [1]

— 

~~~X ~2l ~0 
— 

~l2 + !ll ~0
’ ~~~~ 

= 

~~11 
— 

~~~~2l~~ O 
— V~ (2—9a)

= 

~2l !O + ~!22 
— 
!2l ~o

1 ~~~~ (2—9b)

Once the n equations in (2—9a)are solved for 1(0), the cu rrents I(~ ) can be

found from (2—9b). The terminal voltages are then obtained from (2—7).

The remaining problems are the determination of the entries in the per—

unit—length inductance and capacitance matrices, L and C, respec tively, the

• per—unit—length resistance and internal inductance of the wires, r
c 

and 9. ,

— respectively, and the entries in the chain parameter matrix , ~~~, (which

obviously involve L, C, rc 
and ec ) .  Thes e items will be discussed in the

following sections.

2,2 The Chain Parameter Matrix

In this Section we will briefly describe the calcula tion of the cha in

parameter matrices which have been calculated elsewhere [1,7]. This will

also serve to illustrate why there are different degrees of computational

complexity ( total  computation time and required array storage) involved in

programs XTALK , XTALK 2 , FLATPAK and FLATPAK2 .

First consider the all inclusive case considered by FLATPAK2 in which

conductor losses and the presence of dielectric insulations are included in

—17—
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the conductor losses are neglec ted , i.e., r = = 0 as is done in FLATFAK.

in this case , the chain parameter matrix in (2—10) remains the same but the

eigenvector—eigenvalue calculation in (2—il) becomes

T
1
Y Z T = T ’ [juC jwL] T

= 
2 
T
1 
C L T (2—12)

2

In this case, the eigenvectors are independent of frequency and need be 

~~ . - ed only once. The propagation constants in ~2 at each f req uen cy are

• dete rc~int- - c i t”  simply from the eigenvalues of C L. Clearly FLATPAK r eal ize s

a significan t reduction in total computation time when mere than one frequency

is being considered,

The f inal two programs, XTALK2 and XTALK. neg lect the wire insulation

dielectric , i.e,, the conductors are considered to be bare. The siniplifi—

--utio n that results from this assumption is that for this case (homogeneous

medium), the product of the per—unit—length external inductance and capac i-

tance matrices is diagonal , i.e.,

L C = C L = ~~ie 1 (2—13)

where c and p characterize the surrounding homogeneous med ium (wh ich is f ree

space). For XTALK2 (which includes conductor losses) we insert (2—13)

into (2—11) and obtain

Y Z T = j w ( r + ju9. ) c (1 + U )  T — w
2p c  1 (2—14)

—19--



Therefore, we only need the eigenvalues and eigenvec tors of the matrix pro-

duc t C(l + U )  which is frequency independent .

XTALK which neglects both insulation dielectric and conductor losses

also utilizes the identity in (2—13) and we have

Y Z T = — u p e  
?n 

(2—15)

In this case, there is no need to compute eigenvalues or eigenvectors of

a matrix even once: an obvious computational savings.

2.3 Calculation of the Per—Unit—Length Parameters

In this section we consider calculation of the per—unit—length

parame ters of cond uctor resis tance , r
c, 

conductor internal unductance ,~~~,

and the entries in the per—unit—length inductance , matrix, U, and capac-

itance matrix, C. In calculating r
c 

and 9. , we will assume that these

parameters can be calculated for each wire as if the wires were isolated from

each other. This is then a standard calculation which includes the skin

effect for a solid cylindrical conductor. The result is given in [7] and

is stored in XTALK2 and FLATPAK2 as ~‘~nroximations to the true result.

These equations are obtained by first defining the skin depth , ~

- 

8

1 
• 

(2—16)
=

2,~Tofx lO

the D—C resistance of each wire,

r
0 

= 
1 

(2—17)
i~ar

w

—20—
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and the D—C internal inductance of each wire,

= = .5 x lO~~ ( 2-18)

In terms of these parameters, the res istance , r, and internal inductance ,

9., of a solid, cylindrical conductor of radius r is

(I) r~~~ 5

r = r
0 (2—l9 a)

9. 
~~~~~~

(II)  ~ < r

r = + 3) r~ (2-l9b)

9. = [1.15 — .15 (
~~ ~

( I II )  r > 3~

r = ~~ r~ ( 2-19c)

2A
r ii
w

In typical ribbon cables, the wires are not solid conductor s hut are stranded .

To calculate the total per—unit—length resistance , r , and internal in-

duc tance , L , of each wire which consists of S strands of identical wires ,

we compute with (2—16) — (2—19) the resistance and self inductance of each

strand and divide the result by the number of strands composing t h e  wire .

Thus we assume that all strands in each wire are ident ica l  ( c e r t a i n ly  a

—21—
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reasonable assumption) and all S strands in a wire are connected in

parallel. The result is r = r/S and 2 = 9./S.
C C

Calculation of L and C for programs XTALK and XTALK2 (the homogeneous

medium case) are quite simple 
an: 

are given in [1,7] as

= 2.~~ ~~ 
(_.!2. ) (2—20a)

p d . d .
= in ( 

d . 
(2—20b)

w ij
1#J

where dio is the separation between the i—th wire and the reference wire

and d~3 
is the separation between the i—th and j—th wires. The

per—unit—length capacitance matrix , C, for this homogeneous medium case is

found from using (2—20) in the identity of (2—13), i.e.,

= 1
~v~v 

L
1 

(2—21)

It should be noted that the simple result in (2—20) is made possible not

only by neglecting the wire insulation dielectric but also it assumes that

the minimum ratio of wire separation to wire radius, dir , is “not too small”.

Quantitatively, this means that d/r should be greater than approximately

5 [6]. For a ribbon cable, if the insulation thickness, t, is equal

to the wire radius (which is typically the case), then even if the wire

insulations are touching , the conductor separation , d > 2( t + r
~

) = 4 r
w,

will be such that dir > 4 and the approximate parameters should yield

relatively accurate results.

Calculation of L and C for programs FLATPAK and FLATPAK2 are con—

siderably more involved due to the presence of the unhomogeneous medium

—22—
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(dielectr ic insulation and f ree space) surr ounding the conductor s . As-

suming the dielectric insulations to have free space permeability, p ,

we have [1,7]

~ ~o 
= 

~~~~ ~n 
(2—22)

where C
0 
is the per—unit—length capacitance with the dielectric insulations

removed. Thus

—l
L = p c  C (2—23)
- v v ..0

For the calculation of C, the identity in (2—13) does not hold. Therefore

we need to compute the per—unit—length capacitance matrix with and without

the dielec tric insulations. This is still a formidable problem and generally

no closed form results are obtainable. - The approximation in (2—20), however ,

-
• could be used for L. Calculation of C, remains difficul t. Uumerical

approximation methods have been devised to very accurately compute C and C
0

(1, 4 , 5 , 6] .  Fo r the specific case of a ribbon cable , a d ig i t a l  computer

program has been written to compute C and C
0
. The program GETCAP is

described in [5] and produces punched card output containing the entries

in C or for direct use in the FLATPAK and FLATPAK2 programs.
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III. EXPERIMENTAL RESULTS AND MTL PREDICTION ACCURACIES

In this Chapter, the experimental test of a 20 wire ribbon cable will

be described . The predictions of the four computer programs will be pre-

sented for comparison with the experimental results. The reader should

refer to Chapter I for a complete discussion of the objectives of this study

as well as the parameters which are included or neglected from consideration

in each of the MTL predic tion programs , XTALK , XTALK2 , FLATPAK and FLATPAK2.

A brief summary of the program capabilities is repeated here for convenience:

MTL Pred iction Program Capabilities

Pres ence of wire Conductor lossesProgram Name
dielectric considered? considered ?

XTALK NO NO

XTALK2 NO YES

FLATPAK YES NO

FLATPAK2 YES YES

3.1 The Experiment

The cable tested was a 20 wire ribbon cable. The wires were #28 gauge

which consisted of stranded conductors with 7 strands of #36 gauge copper

wire. The center—to—center wire separation , d , in Figure 1—2 was .05

inches (1.27 x l0~~ meters). Using a conductor diameter of #28 gauge (dia—

meter of 3.2004 x l0~~ meters), this resulted in an insulation thickness,

t, in Figure 1—2 of 3.4798 x lO~~ meters. The insulation was polyvinyl—

chloride and a relative dielectric constant of 3.5 is assumed.

The total cable length was 5 meters . One of the outer wires was chosen

—24—



as the reference wire and all other wires are terminated to this wire. The

wires are numbered from 0 to 19 as shown in Figure 3—1. The generator wire

is chosen to be wire #5 and the receptor wire is chosen to be wire #13. The

generator wire is driven at x=O by a 1 volt source (zero source impedance).

This was accomplished in the experiment by monitoring the voltage (with

respec t t~ the reference wire) of wire #5 at x=0 and adjusting at each fre-

quency .he signal generator to achieve 1 volt at this point. The other end

of the generator wire is terminated in a resistance R. The two ends of the

receptor wire are terminated to the reference wire with a resistance R also.

Two values of R will be investigated;

R = 5 0~l

R = 1000 ~

The rationale for selecting these two values of impedance for the generator

• and receptor wires is described in [8]. It would appear from the results

in [8] that vastly di f fe ren t  results would be obtained when R is a “high

impedance load” (greater than the characteristic impedances of each isolated

two wire circuit which are 442 ~2 and 556~2 ) as opposed to the case when R is

a “low impedance load”. R = 50 ~2represents, for  this phys ical situation , a

“low impedance load” and R = 1K~~ represents a “high impedance load” .

Various other load resistors are connected between the ends of each of the

17 parasitic wires and the reference wire as shown in F igure  3—1 . The re-

sistances remain the same whether R = 50 ~2 or R = lK.Q.

Two sets of load structures on the parasitic wires will hc—~-~usidc~ed

as shown in Figure 3—1. The first set in Figure 3—la is termed the Single

Reference Wire case. A quite common alternate scheme is the Ground—Signal—

—25—
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(a)
Figure 3— 1. The load structure for  the ribbon cable (cont) .
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Figure 3—1. The load structure for the ri Lb oxz cable.
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Gro und configuration shown in Figure 3—lb in which alternate wires in the

cable are tied together r esulting in 10 wires of our 20 wire cable being

reference wires. The remaining wires use the same resistances used in Fig . 3—la.

The received voltage V0 at x 0 for the receptor wire is the quantity

which was measured . The frequencies investigated range from 10 KHz to

100 MHz . Based on free space calculation ,the line is one wavelength (A)

long at 60 MHz . Therefore this range of frequencies should provide an

investigation of the cable when it is electrically short (~~ << A) as well

as when it is electrically long (i. >> A) .

Discrete frequency measurements were made at numerical values of 1,

1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9 in each decade from 10 KHz to 100 MHz. A

frequency counter was used to control the excitation frequency to within

.OlZ of the desired frequency. The measurement equipment consisted of:

Frequency Ra~g~

(1) HP 8405A Vector Voltmeter 1 MHz -‘- 100 MHz

(2) HP 3400A RNS Voltmeter 10 K}lz -‘- 1 MHz

(3) HP 8601A Generator 1 MHz -~ 100 MHz

(4) Wavetek 134 Generator 10 KHz ÷ 1 MHz

(5) Tektronix DC502 Frequency Counter 10 KHz - -  100 MHz

Figures of the physical configuration are shown in Figure 3—2 . A la rge

“sawhor se” was constructed using a 16 foot 2” x 6” board placed on its edge

as the central member and supported at each end by plywood legs. Styrofoam

blocks were placed along the top edge of the board and the cable was placed

on top of these blocks.
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Figure 3—2. The physical configuration for the experiment (cont).
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Figure 3—2. The physical configuration for the experiment.

—30—

- -,~~~~~-~~~~~~~~~~~ — —~~~~~ —-- 5 - -- -  --



-5- -—----5-—

3.2 Common Impedance Coupling

A very simple mode of coupling which is dominant at low frequencies

is due to the reference wire (signal return) impedance which is common to -
‘

both the generator and receptor circuits. This portion of the total coupling

will be clearly demonstrated in the experimental results. In cases where

the signal return path common to both generator and receptor circuits is a

wire (as it is here), this form of coupling cannot be overlooked .

The primary effect of imperfect conductors is to introduce this common

impedance coupling. Consider a transmission line in which there is no

cross—coupling within the termination networks i.e., at each end of the line,

each endpoint of a wire is terminated directly to the reference wire and is

not physically connected to the endpoints of the other wires. In this case,

clearly the voltages induced via electromagnetic field coupling at the

ends of a “receptor ” circuit consisting of one wire and the reference wire

due to a “generator” circuit consisting of another wire and the reference

wire will approach zero as the frequency of excitation is reduced to zero.

However, the reference wire impedance can couple a signal into the receptor

circuit even at D—C and this is usually termed common impedance coupling.

To illustrate this, consider Figure 3—3. in Figure 3—3a, a three—

conductor transmission line is shown . The reference conductor has a certain

total imped ance , Z0, which may be considerably smaller in magn itude than

or Z
~R
. Consequently, the current in the generator wire at frequencies

approaching D—C may be determined as

= Z
OG ~~~~~ 

(3-1)
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This is due to the fact  that Z
0
, ZG (the impedance of the generator wire),

and L
R 

(The impedance of the receptor wire) are usually qui te small and the

net impedance seen by the source V
G 

is

Z OG + 
~~G + Z

G ÷ [ (Z OR + Zj R + Z
R
) I I z0]

( 3— 2)

ZOC +~~~G

where means “in parallel with”. This current, ‘G’ will be divided

between the parallel paths consisting of the reference wire impedance , Z0,

and the impedance of the receptor circuit ZOR + ~~R 
+ Z

R 
ZOR 

+ Z
~R
.

Consequently, virtually all of ‘G 
will flow in the receptor wire. This

current produces a voltage drop of

~CI 
= ~O 

1
G 

(3 3)

This results in received voltages

- 

- Z
~~~RV

~R Z + Z ~0 
I~ (3—4a)

VOR ZiR ± Z OR 
Z0 TG (3—4b)

• Although this portion of the total received voltage may be “small” it

may nevertheless be larger than the contribution due to electromagnetic

fie ld coupling as shown in Figure 3—3b . Consequentl y,  this  common impedance

coupling generates a “floor” of induced voltage where a solution assuming
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pe~ fect conductors would indicate a purhaps neg1ig~i!)1y srn:~J l  r eceiv~~ ~~~~~~~

at the lower frequencies.

The f req uency at which th is common impedance coupling becom es sign i-

ficant depends on many factors some of which are line geometry (which affects

the level of the electromagnetic portion of the coupling) and type of re—

ference conductor. Reference conductors consisting of a #36 gauge wire

or a large, thick ground plane would certainly not produce the same level

of common impedance coupling.

The above separation and superposition of the two coupling mechanisms

is only correct when one dominates the other by a considerable amount. To

obtain a quantitatively correct answer, one must include the conduct’r sci f

impedances di rectly in the transmission line solution and th i s  is done ~:

XTALK2 and FLATPAK2.

However, we may calculate the D—C common impedance voltage for the two

configurations in Figure 3—1 quite simply . The common impedance coup ling

contribution to V
0 is from (3—1) and (3—4)

v — 
R )z (l~1. 0

— 

~R + R 0 — 
R 

— 2R

where R is 5O Qor  lK
~

.(Z OG is zero for the experiment.) For the 20 wire

r ibbon cable used , each wire consisted of 7 strands of #36 gauge copper wire.

Each strand has a D—C impedance per meter of (see(2—17)) (the nominal radius

of #36 gauge wire is 2.5 mils)

1
r =

DC ~T o r
w

1 (3—6)

x lO’)(6 .35 x

= l.361052~ /m

—34— 

-~~~~~--- --- ~~~~~



-~~~~~-— -5--- - -- 
‘1

Considerine the 7 strands of each wire to he in pirallel. , the net common

impedance

Z0 
= ~—~~~) ( 5m ) = .97218 ~ (3-7)

(Sing le Reference Wire)

For the Ground—Signal—Ground configuration in Figure 3—lb , the net common

impedance consists of 10 wires with impedance given in (3—7) in parallel or

— .97218
10

= .097218 (Ground—Signa l--C.round) (3—8)

The common impedance coupling contribution to the voltage V
0 

in (3—5) for

the two conf igurations in Figure 3— 1 are given in Table I.

3.3 The Single Reference Wire Configuration

The experimental results for the Single Reference Wire Configuration

-L~ Figure 3—la is shown in Figure 3—4 for R=50~2( 1ow impedance loads on the

generator and receptor wires) and in Figure 3—5 for R l 1 ~~(hi gh impedance

loads on the generator and receptor wires). Recall that the l ine is ap-

proximately one wavelength long at 60 MHz. We observe the usual rapid

variation of th~ response with frequency for frequencies such that ~ > A / b

or f > 6 MHz which we refer to as the “standing wave reg ion ” of the response.

Note that the experimental results approach the D—C common impedance

levels given in Table I as the frequency goes to zero (freq uency < 30 KHz).

In all cases the D—C level was measured by reducing the signal generator

—35— 
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TABLE I

Common Impedance Coup ling Con tr ibu tion to V
0

Sing le Reference Ground—Signal—Ground
Wire Fig. 3—la Fig. 3—lb

R = 5 0  9.72 mV .972 mV

R = 1K .486 mV .O-+ ?~6 mV
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I

frequency to - 5 Hz and the levels correspond very closely to those in

Table I. Notice that in both cases , for frequencies less than 100 KHz ,

XTALK2 and FLATPAK2 both accu rately predict the experimental results

(within lO~ or approximately 1 dB) yet XTALK and FLATPAK do not predict the

common impedance coupling and continue downward at 20 dB/decade. The

prediction error in dB is given by

ERROR (dB) = 20 log10 
~~~ Pr edicted (3— 9)

0 Exper imental

This clear ly indicates that in the low frequency range, one must include

the wire impedances. In the higher f requency r ange it appears unnecessary .

For frequencies between 100 KHz and 10 MHz , all fou r programs predict

the response quite accurately.

In the standing wave region consisting of frequencies such that

2~ >—
~~~ 

A , only FLATPAK and FLATPAK2 provide any prediction of the experimental

results and these are generally within 6 dB except at 90 MHz in Figure 3—5.

Considering the sensitivity of the results when the line is not electrically

short, this is quite remarkable. Note however that XTALK and XTALK2 provide

virtually no prediction in this frequency range. This seems to indicate

that accurate prediction of the results when ~ ~~~~ A , requires that one

must include consideration of the wire insulation.

As a final point , we have shown the prediction of XTALK with the

parasitic wires ignored . Notice for R = 5O~2 in Figure 3—4 , the re is some

overprediction yet in Figure 3—5 there is a very large error (on the order

of 20dB — 30dB overprediction). This clearly shows that the parasitic

circuits in the cable cannot be ignored in the prediction. This conclusion

is also supported by the results in [8J.
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3.4 ih.~ (;round—si gnal—Gr nd c~,~nfiguration

Virtually the same conclusions can be rLJched b r  thL Gro nd—~~i~~t ,  —

Ground Conf i guration as were reached f o r  the Single Reference WIrt Con-

f igura t ion. The results for R = 50f2 are shown in Figure 3—6 and t~~~oe for

R = lK~2 are shown in Figure 3—7.

Two outstanding differences are noted. For the Ground—Si~:n - il—C ,r~ ti nd

Confi gura t ion , the parasitic wires dramaticall y affect th~ r~ su1ts. The

predictions of XTALK with the parasitic wires ignored are i~ hoth cas. - s ~

much as 40 dB above the experimental results. A ct - liv ~t i ~ is ~ntu itivel~-

to be expected and seems to be one of the main re:isons f r  ) - -

Signal—Ground Configuration over the Single Reference ~ ir . ~~~~~~~~~~~~~

The second difference between these results and the re - -i ~~i s i - .~

that the level of common impedance coupling has been subs tant iil y rcdu o&j

by a fac tor of 10 (10 wir es, in paral le l  now form the “reference wh o ).

Note that the common impedance coupling level is precisely that shown in

Table I. This is an added benefit of the Ground—Si gnal—Ground Configuration

since the common impedance coupling could easi ly be the main contributor to

interference problems , especially if the signals in a logic circuit have

“slow” rise times , i.e., only low frequency components.

Aga in the influence of conductor losses and wire insulation on the pre—

diction accuracies are the same as in the Single Reference Wire Configuration .

3.5 Summary

A summary of the prediction accuracies and infl~ence of cond uctor losses,

wire insulation and parasitic wires for both configuration is shown in Table

II. The only differenc e between the two configurations as far as this

—42—

_________________ - 5 - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —-~~~ ~~~. - - 5
~~~- -.- -5 - -- — -5- -  

- -—- .

~~~~~~~~ ~~

5— —  5---  —-



- - - - - - - 5 5-  - - — -5 -5-~~~~~~~ ,-- 
-

A
A

tVol 
A

lOrn\f I I i I f I T I 1  I 1 1 1 1 1 I

A x Experimental
- 

A A XTALK ( parasitic wires
- A i gnored ) -

- D-C Level of Common Impedance -

Coupling x

mV / 

- -

- x /  -
x

- ATALK2 x / -
- F L I ~TPAK 2 

x xxx 
-

- /~~~_XTALK -

FLAT PA K

lrn’I I I I I I  I I I  I I L I  l i i i
0 K HZ  0 0l x  10 0 K H Z  OR 1M H Z

Ground -Signal - Ground Configuration
R 50 S~~

Figure 3—ôa .

—43—

A



- -  ‘~~~~~~~~~~~ 5 - 5 -  ~~~~~~~~~~~ 

‘vol
A

A -

A

IOO mV 

L~~~

’ 

~~
‘:;

~

-

~
x Experim ental FLSATPAK J ~ I ~

- 

~ XTALK (parasitic wires ignored)~ 
-

o FLAT PAK 2 A

o XTA LK
lOmV *XTALK 2 X A

- x -
-- FLAT PAK X -

- FLATPA K 2 A 

-

-

- 
XTALK x

XTALK2 •

ImV I I I I L I I J  
~~ I I I 1 L 1  

-

1MHZ .lX 10MHZ X ?bOMHZ

Ground -Signal-Ground Configuration 0 

o
R=50~l

0

Figure 3—6b .

—44— 

5 - -_ -_ 5--- _ ----- ----~~---~---- ---- - _ - . - _ 
- -5-- 

_



fV0f A 
A 

XTA LK
A XTALK2-~~~,~~

A

I 1 1 1 j I I ~ I I I I I

- J ”— FLAT PA K 
-

- 
FLAT PA K~

.ImV — XT A LK - 

D C L I f
FLATPA K 

- eve o -

- XTALK 2 Common Impedance :

~~~~

-- - - -  

A-r P/~~~~~~~~~~~~~~ 

- x Experimental -

A XTA LK (parasiti c wires
- ignored ) -

•Ql r~ ,f 
I I I I I I I I I I I I I I

10KHZ .OOIX 100KHZ , O I X  1MHZ

Ground - Signal- Ground Configuration
— R~~IKfl

Figure 3—7a .

—45—

- ~~~~~~~ —-5 5- — - -5-— 
_ -________ 

-5 - - 5--- 
_- -—5-—--- - -- ____



_ _ _ _  5- -- — -

A

A

A 

*I00mV~~ -
~ - ~~—

xE x per i me ’ : ‘
~~~~~~~~~- : .  —

I— ~~~~FLAT PA K ~

J_ OXT A L K
I s-- X T A L K 2

A XTALK (pc astc
~~ r~~~’ —

IOmV

XTALK
XT AL K2 

-

- A ~~.

x x  X X

I m V
1 MHZ I X  IC .

-

Ground-Signol-c~roun d Cor !  ~~~~
lK fl

Figure 3—~~

_ _ _ _ _ _ _  - - - 5--  
—-



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —5- -- ‘1

Table is concerned is in the frequency f~~ at which the D—C common impedance

coupling level and the level of the electromagnetic coupling (assuming per-

fect conductors) are equal. This frequency is summarized by:

I Single Reference Wire Ground—Signal—Ground

R = 5 O  35 KHz 600 KHz

R = l K  30 KH z 25 KH z

For all the situations considered , we find that for I < XTALK2 and

FLATPAK2 yield virtually identical results and XTALK and FLATPAK yield

virtually identical results. For f > f~ 1~ 
we find that XTALK and XTALK2

yield virtually identical results and FLATPAK and FLATPAK2 yield vir tuall y

iden~Acally results. (Actually , XTALK and XTALK2 differ at 30 MHz, 60 MHz,

90 MHz , i.e., mul tiples of A / 4, but this is to be expected since the variation

of the response with frequency is mos t rap id at these frequencies [81.)

The results in Table II would suggest that an efficient computational

procedure would no t be to use one single program bu t to use several program s

over the different frequency ranges. A possibility would be to tirst compute

the level of common impedance coupling from (3—1), (3—4) and Section 2.3.

Then compute the response using most efficient of the four programs , XTALK ,

for frequencies starting at If,, — 1 and decreasing down to f~~ at which
J

~ 10
the XTALK result equals the common impedance coupling level. Above f J

10
use FLATPAK. A more refined estimate would be to use XTALK2 to compute the

response at frequencies around (For our results this would only be

truly necessary for R = 5o c2and the Ground—Signal—Ground Confi guration shown

in Figure 3—6b.) This would seem to provide the most computationally efficient
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TABLE II

A Summary of the Prediction Accuracies

Frequency Range Common Impedance 
~~1

< ~ < f> if, 
~~~~~~~~~~f ~ f requency Coup ling Dominan t /

— 

Region 0< f< 
~CI

Can Accurate Pre-

dictions be

Achieved? (Re— YES YES YES

presentative (± 1 dB) (± I dB) (± 6 dB)

Prediction

Accuracy)

Must Conductor
YES NO NO

Losses be Considered?

Must Insulation

Dielectric be NO NO YES

Considered?

Must Parasi tic

Circuit s be YES YES YES

Considered?
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scheme which would result in acceptable prediction accuracies and is

summarized in Figure 3—8. The alternative is to use FLATPAK2 .

To illustrate the relative complexities of the fou r programs , the

compile and execution times and requir ed memory fo r the object deck and the

arrays for the 20 wire ribbon cable problem are shown in Table III. The

programs used the IBM 370/165 machine and the WATFIV compiler and all

computations were in double precision arithmetic. These times will vary

with other machines and are also variable on the IBM 370 in that this

machine operates in a multi—processing mode so that the same job run

at different times vill require slightly different  cpu times . The memory

requirements are shown in bytes. The compile and execution times are

shown in seconds and the execution times are for a computation for  10

frequencies in the run. The per-frequency computation tines can be ap-

proximately computed by dividing the execution times by the number of

frequencies in the run (10).

It should be clear that the most e f f ic ient  computation is neglecting

the parasitic wires. We found, however, that virtually no valid pre-

dictions could be obtained so this must be discarded. Of the four programs

which consider all the wire interactions, XTALK is certainl y the most

efficient in terms of computation time and required memory . i~orli XTALi’L

and FLATPAX2 require approximately 25 times the per—frequency conputation

time for XTALK and double the required array memory . (The c~bject decks

require approximately three times the memory for XTALK or FLATFAI.) when

many frequencies are being considered , this results in a substant ial  savings .

For the 45 frequencies computed , XTALK would require a total computation
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TABLE III

Execution Times and Memory Re~uiremk nts for  the

Four Programs and the 20 Wire Ribbon Cable Problem

Program Object Code Array Area Compile Time Execution Tiue
(bytes) ~ y~~s)~ (sec.) (sec.)*

XTALK 20336 30864 .69 3.10

XTALK2 59696 61632 1.68 83.20

FLATPAK 23992 33304 .97 18.74

FLATPAK2 53296 64128 1.26 80.78

t The required array area depends on n where the cable consists of (n+1) wires.

Here n = 19. For other problems , the required array area in bytes can be

approximately computed from (P is the precision; P = 4 for single precision

and P = 8 for double precision):

XTALK: Array = P * ~~o~
2 + l2nJ

XTALK2 : Array = P * [20n
2 
+ 23n3 + 2n

FLATPi\K : Array p * [Un
2 
+ 9n]

FLATPAK2: Array = P * [21n
2 + 2hz]

* The total number of frequencies run is 10. Therefore the approximate per—

frequency computation time can be obtained by dividing these times by 10.

—51—

L _ 
_ _ _ _ _ _ _

_ _ _ _ _

U- - - -~~~~ - - _k__ - -- ~~~~--~- -- - - ----— 5---- --



-5- ——~~---
.-5------ - -  -- - - - --5 - --5

time of approximately 14 seconds whereas XTALK2 and FLATPAK2 would re—

quire approximately 370 seconds or 6 minutes. Notice that the FLATPAK

program provides some savings over XTALK2 and FLATPAK2 in that the per—

frequency computation time and required array memory are approximately 1/4

and 1/2, respectively , over those for the XTALI (2 and FLATPAK2 programs. If

one is not concerned about computation time , the aut hor would suggest using

only the FLATPAK2 program .
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IV. SUMMARY AND CONCLUSIONS

The predic tion of crosstalk in ribbon cables was investigated . Based

on the experimental configurations tested , it would appear that accurate

predictions of crosstalk can be achieved in controlled characteristic cables

such as these. The prediction accuracies are typ ically wi thin + 1dB for

frequencies such that the line is electrically short (,
~
< -4j A).

It was found that the parasitic wires can have a significant effect

(as much as 40dB for all frequencies) on the coupling between a generator

and receptor circuit. Therefore to achieve accurate prediction-s in ribbon

cab les , one must consider the interactions between all wires in the cable.

The wire insulation evidently can be ignored when the line is

electrically short (~~~~< 

~~~~ 
A) but cannot be ignored for higher frequencies.

Conversely the impedance of the reference wire cannot be ignored for low

f requencies where the common impedance coupling dominates the electromagnetic

field coupling.

In view of these observa tions , a sugges ted appr oach to the predic t ion of

crosstalk which maximized computational efficiency was to use a program

which neglected conductor losses but included wire insulation for frequencies

where the line is electrically long (€ > —~~~~ A) . Compute the D—C level

of common impedance coupling by hand and use this as the level up to the

frequency 
~CI ~i’ which it equalled the electromagnetic field coupling. For

frequencies between these two extremes, i.e., 1C1 
< ~~ < 

~~~~~ = 
1 A 

use a
•‘• 10

program which ignores both conductor resistance and wire insulation .

Al though these conclusions cannot be generalized absolutely , they are

supported by other results [8). The alternative is to use a more corn—

plica ted program which does not neglect wire insulation and conductor losses

such as FLATPAK2. 33

-

_ - - - - - . - - - - - -5 - -- - - --
~~~~~

- - - - - - -

~~~~~~

--- -

~~~~~~~~~~~~~~~~

--

~~~~~~~~

rn ~~~-- -~~~~~~~ ---- ----- - - - - 



REFERENCES

[1] Paul, C. R., “Application of Multiconductor Transmission Line Theory

to the Prediction of Cable Coupling, Vol . I., Multiconductor Trans—

mission Line Theory”, Technical Repor t , RADC—TR—76—lOl , Vol . I., Rome

A ir Development Center , Gr if f iss AFB , New York , Apr il, 1976 , AO25 028 .

[2 ) Paul , C. R ., “U seful  Matrix Chain Parameter Identities for the

Analysis of Multiconductor Transmission Lines”, IEEE Trans. on

Microwave Theory and Techniques, Vol. MTT—23, No. 9, September , 1975 ,

pp. 756—760.

[3 1 Paul, C. R., “Efficient Numerical Computation of the Frequency

Response of Cables Illuminated by an Electromagnetic Field” , IEEE

Trans. on Microwave Theory and Techniques, Vol. MTT—22, No. ~ , April ,

1974 , pp. 454—457.

[4) Paul, C. R. and Feather, A. E., “Computation of the Transmission Line

Inductance and Capacitance Matrices from the Generalized Capacitance

Ma trix ”, IEEE Trans. on Electromagnetic Compatibility, Vol. EKC—18,

No. 4, pp. 175—183, November 1976.

[5] Fea ther , A. E. and Paul, C. R., “Applications of Multiconductor

Transmission Line Theory to the Prediction of Cable Coupling,

Vol. II., Computation of the Capacitance Matrices for Ribbon Cables ”,

Technical Report , RADC—TR — 76— 101, Vol. II., Rome Air Development

Center , Gr if fiss AFB , New Yo rk , Apri l , 1976 , A025029.

[61 Clements, J. C., Paul, C. R. and Adams , A. T., “Computation of the

Capacitance Matrix for Systems of Dielectric—Coated , Cvliud ri~-al

Conductors”, IEEE Trans. on Electromagpetic Compatibilit y, Vol. F24C—l7,

—54—

_ _ _ _ _ _ _  
----- - - - - --



_ _ _ _ _ _ _ _  —55--S —5 5

No. 4, November 1976, pp. 238—248.

[7] Paul, C. R., “Applications of Multiconductor Transmission Line

Theory to the Prediction of Cable Coupling , Vol. VII ., Digital

Computer Programs for the Analysis of Multiconductor Transmission

Lines”, Technical Report, RADC—TR—76—lOl, Vol. VII , Rome Air

Development Center, Griffiss AFB, N.Y., July , 1977 , A046662.

[8] Paul, C. R., “Applications of Multiconductor Transmission Line

Theory to the Prediction of Cable Coupling , Vol. III, Prediction

of Crosstalk in Random Cable Bundles”, Technical Report, RADC—TR—

76—101, Vol. III, Rome Air Development Center , Gr if f iss  AFB, N.Y.,

February, 1977 , A0383l6.

-i

—55— 

5— — -  —~~~~~~~~~~~~~~~ —- 5- -~~~~~~
5 —- . — 5 -—  ~~~~~~~~~



_  
-

MISS JON
of

Rome Air Development Center

RAX pl ans and conducts research, exploratory and advanced
developaent program , in cr~~.,,d, control , and c~umwnicationS
(&) acti vities, and in the C3 areas of j nf oreatioi ’~ sciences
and intelligence. The princip al technical mission areas •

are co pznicat.ions, electromagnetic guidanc. and control,
surveillance of ground and aerospace objects, intelligence
data collection and handling, inf ormation system technology,
ionosph eric propagat ion, solid sta tS sciences, microWave
physics and electronic reliability, asa inta inabilitg arid
compatibility.

~~~1PP,1 .,,i ~


